The following paper presents mechanical strength test results of a 160 x 9 mm PVC-U pipe, in the service of Municipal Water and Sewage Company since 1976, and the impact of the pipe material on the quality of water in contact. The water quality was evaluated in terms of the leaching of certain chemical elements from the pipe material to the water. Additional tests were carried out on the water obtained from different sections of the PVC-U plastics piping systems for the water supply. Chemical elements detection was performed with inductively coupled plasma optical emission spectrometry ICP-OES JY 238 Ultrace. Furthermore, the testing included the analysis of sediment found on the inside pipe wall, with the application of a Quanta 200 FEG Scanning Electron Microscope (SEM).
Introduction
In recent years, high density polyethylene (HDPE) and unplasticised polyvinyl chloride (PVC-U), among other plastics, were the most commonly used structural materials in water distribution networks and systems, as well as in trenchless pipe rehabilitation. What is more, an estimated 70 per cent of new water distribution networks are HDPE or PVC-U pipes and their share is still increasing [1] . According to the International Water Association (IWA), data similar tendencies can be observed in Europe and in the world [2, 3] .
Polyvinyl chloride has been applied in water distribution systems for over 70 years. Its popularity could be ascribed to a relatively low price, great strength parameters (PVC-U) pipes are three times as strong as HDPE pipes [4] ), simple and uncomplicated network assembly and pipe surface smoothness even after years of operation or corrosion resistance [5] . Moreover, polyvinyl chloride is characterised by satisfactory to high processability, and displays great capacity for modification of properties.
Water distribution pipes are designed for extended service life. Research conducted in major Polish cities [6] shows that 50% of water distribution pipes have been in service for over 50 years, and that conduits of 25-50 years old constitute 30-45% of the total network length. Nowadays, plastic pipe manufacturers guarantee a service life of over 50 years, grounding their claims in laboratory tests and by extrapolating test results from a shortened timescale. Such tests are largely limited to determining long-term strength, understood as hoop stress in a pipe subjected to constant or cyclic internal pressure after a given time period. Laboratory tests commonly focus on measuring hoop stress in the pipe wall, at an elevated temperature and in the function of time until fracture. Extrapolation employs Arrhenius equation between applied load time and temperature [7] .
Plastic pipes fractures can be categorised into ductile and brittle. The former is mainly determined by yield stress of the material; therefore, time to ductile fracture is the function of yield stress and hoop stress. The ductile fracture area is where fracture is initiated under the highest stress. Lower stresses at longer time periods cause the fracture to become brittle and the fracture area displays resistance to slow crack propagation (with insignificant plastic strain) [8] . Hydrostatic design stress is derived from the material's long-term hydrostatic strength (LTHS) or minimum required strength (MRS) [9, 10] . Furthermore, this factor determines maximum allowable pressure on pipes in service. In order to determine yield stress, classic tensile strength tests are performed on pipe sections or dog-bone shaped samples, which have been removed from the axial direction (down the length of the pipe) [11] .
Plastics, such as PVC, are susceptible to degradation processes under load, temperature and other environmental factors. The process of degradation is manifested by gradual changes of the material's physical and chemical properties; for instance, discolouration or change of material strength indices. In the presence of oxygen and at an elevated temperature, polyvinyl chloride undergoes oxidation reactions, dehydrochlorination or cross-linking [12] [13] [14] [15] . To counteract polymer degradation and to facilitate PVC processing, the application of such additives as, for instance, thermal and ultraviolet stabilisers or softening and release agents is required [16, 17] . Typical thermal stabilisers include: organotin compounds, such as carboxylates with tin-oxygen bonds or mercaptides with tin-sulphur bonds (e.g. Irgastab T, TK, 17 MOK, Ergoterm BMB-S). Other thermal stabilisers that ought to be mentioned are cadmium, calcium, barium, strontium, magnesium, zinc or fatty acid salts. The group of lead stabilisers includes sulphates, phthalates or phosphates, such as Interstab L (Akzo-Chemie Interstab) [18] . These compounds can, however, migrate to water in contact with pipe material and be of detrimental effect on water quality. Compound migration from PVC pipe material to water, of e.g. polyvinyl chloride monomer, lead or organotin compounds, has been the subject of numerous research by, inter alia, Sadiki et al. [19] , Al-Malack [20] , Al-Malack and Sheikheldin [21] , Lasheen et al. [22] and Kowalska et al. [23] .
The primary objective of the present research was to determine basic mechanical properties of a 160 x 9 mm PVC-U pipe, which has been in the service of Municipal Water and Sewage Company since 1976 as well as to evaluate the impact of the pipe material on the quality of the water in contact. Water quality was established in terms of leaching of certain chemical elements from the material of the pipe to water in accordance with European Standard EN 12873-1 [24] , which finds application in new plastic pipe testing. Water samples obtained from a still-in-service 1976 PVC-U pipe network section were analysed. In addition, conducted tests included the analysis of sediment accumulated on the inside wall of the pipe sample with the application of Quanta 200 FEG scanning electron microscope (SEM).
Test description and methodology

Strength and structural tests
Basic mechanical properties tests of PVC-U specimens were conducted as per EN ISO 527-1:1998 Standard [25] on a Zwick Roell Materials Testing Machine at Lublin University of Technology laboratory. Sample conditioning and testing were carried out in normalised conditions, i.e. at 23±2 o C, at 50±10% relative humidity, in accordance with EN ISO 291:2008 Standard [26] . To determine tensile strength, the specimen was pulled at a test speed of 50 mm/min. Determination of Young's modulus was conducted at a test speed equal to 1 mm/min. Normalised dog-bone shaped samples were removed from 160 x 9 mm PVC-U pipe material from the axial direction (down the length of the pipe). Figure 1 presents the specimens and their dimensions.
Chemical structure tests were performed with infrared spectroscopy on Thermo Scientific Nicolet iS10 FT-IR spectrometer. IR spectra were recorded at Test specimens and their dimensions. three random points on the 2 x 2 specimens, extracted from the pipe surface. The samples were then cut in thickness and their spectra, of internal (zew_wew) and external wall of the analysed pipe (wew_wew), were subsequently acquired with a diamond ATR crystal. Each spectrum was obtained by 32-fold scanning taken at 4 cm -1 resolution in the range of 500 cm -1 to 4000 cm -1 .
Water and sediment analysis
The next stage of tests comprised analyses aimed at evaluating the impact of pipe material, following long-term service, on the quality of water in contact with the inside surface of the pipe. This examination task consisted of determining in water samples trace elements which could be indicative of the presence of stabilisers and other auxiliary substances added to PVC in the production process. Standard. Prior to testing samples were subjected to another rinsing with sterile deionised water (conductivity of <2mS/m and organic carbon content of <0.2mg/dm 3 ). Rinsed pipe fragments were placed in a glass container, covered with deionised water, the use of which was to prevent the influence of tap water on test results. The desired pipe specimen surface to water volume ratio would amount to approximately 15 dm -1 and immersion period of 72 h at ambient temperature (23±2)ºC. Following the immersion period, the water from the containers was poured into glass bottles and subjected to further tests. The whole procedure was repeated three times.
Elements detection involved the application of inductively coupled plasma optical emission spectrometry ICP-OES JY 238 Ultrace (Horiba Jobin Yvon). Spectrum images were acquired with ICP V5 ver. 1.0 software (for highprecision elements determination ). The analysis comprised the following: a Czerny-Turner monochromater, a 1 m focal length, a vertical plasma, a 1000 W generator, 12 l/min plasma gas flow, auxiliary gas flow 0 l/min, shielding gas flow 0.2 l/min, nebulisation 0.7 l/min at the pressure of 2.80 bar, sample flow rate 1 ml/min, nebuliser -Mira Mist, Scott-type spray chamber.
PVC-U mechanical properties: selected tests
The tests aimed at determining the tensile strength of the sample material, elongation at break as well as longitudinal modulus of elasticity, i.e. Young's modulus (the test results are presented in Table 1 ). Due to the lack of any technical specifications from the pipe manufacturer which would date back to 1976 -the year of production -a 1980 catalogue served as the point of reference (marked in the table as Lit), together with own tests conducted on samples extracted from a pipe of identical, in terms of geometry, characteristics to that of the 1976 pipe specimen and of similar chemical composition. In the table, the results are marked as NP. The test results presented in Table 1 indicate that basic strength parameters of the analysed PVC-U pipe were not subjected to substantial change as compared with literature or new pipe data. Polyvinyl chloride pipes tend to manifest increase in strength values when in contact with chlorinated water, as it is hardened and strengthened through the acquisition of additional chlorine atoms into the pipe material structure. Operating water distribution networks are disinfected with chlorine compounds on a regular basis, which could be the factor influencing their excellent results after 40 years of service; e.g. elongation at break values exceeded manufacturer specifications, however, were smaller than the values obtained in new pipe tensile strength tests. Available literature suggests that the range given by the manufacturer refers to unplasticised polyvinyl chloride in general, rather than a particular pipe. Decrease in elongation following years of service of PVC-U pipes is probably a result of its brittleness gradually increasing in time. In the case of Young's modulus, which describes stiffness of materials, obtained values were slightly discrepant, yet comparable to those acquired in new pipe strength tests. The differences might result from different failure points, as evidenced in Fig. 2 . Figure 2 : Test samples after tensile testing to failure.
Chemical structure tests
IR spectroscopy was incorporated in research with the aim of providing analysis of the chemical structure of the sample material and to facilitate evaluation of material degradation. Infrared spectrometry, consisting of IR absorption analysis of a certain wavelength, enables analysis of oxidation products and polymer degradation.
The analyses allowed us to observe differences in the spectrum between the inner and outer layer of the polymer (Fig. 3) . Degradation is predominantly connected with the outer polymer layer and conformational changes in its chain structure. The peak was observed at 1750 cm -1 (C=O stretching vibration) and 1640 cm -1 (C=C stretching vibration). The peak presence suggests degradation of polymer and the creation of new bonds as a result of oxidation. What can also be observed is the decrease in peak intensity, which is characteristic of deformation vibrations of CH 2 groups in the wavelength of 1300-1450 cm 
Laboratory and field tests of water in contact with PVC-U pipe material
The water samples obtained as a result of subsequent migration tests, as per EN 12873-1 Standard [24] , contained such elements as Mn, Pb, Zn, as well as iron (Fe), which was also noted following the first test (the results of analysis were collected in Table 2 ). Manganese and potassium constitute a major share of the sediment accumulated on the outside of the old pipe wall; nevertheless, their presence could result from insufficient rinsing of the pipe prior to testing. High lead concentration, particularly after the second test (162.2 ppb -0.16 mg/dm 3 ), indicates that lead compounds had been used in the pipe production process as stabilisers. Lead compounds, in widespread use in the 1970s, were cost-effective and efficient stabilisers and are to date used in plastic pipes. In Poland, the permissible lead level in potable water is established in the Minister of Health regulation of April 20, 2010 [27] and is equal to 0.025 mg/dm 3 , therefore here it was six times higher than the permissible limit of 162.2 ppb (0.16 mg/dm 3 ). The comparison of laboratory and field test results required the analysis of water from an existing PVC-U pipe water distribution network, from which the pipe material was extracted. To ensure high-precision evaluation of the impact of pipe material on water quality, water was sampled at two locations, at the beginning and at the end of an area composed of 1976 PVC-U pipes.
Water samples were obtained from the pumping station supplying water to the analysed network fragment and from the fire hydrant (with prior thorough rinsing) located at the end of the analysed water supply network fragment in the vicinity of approximately 3 km from the pumping station. As in the previous cases, tests involved the application of inductively coupled plasma optical emission spectrometry ICP-OES JY 238 Ultrace, as well as strict adherence to the methodology of measurements. Water samples obtained from the pumping station and the analysed end section of the network did not contain lead. However, the water from the pumping station was contaminated with a high-concentration of zinc (2076.55 ppb) (Table 3 ). It could be the result of plumbing fittings or other elements on the premises of the pumping house from which the element migrated to water (the specimen was taken via an internal galvanised sampling system and the sampling point was a regular sampling point used by on-site analytic laboratory for bacteriological examination and quality inspection of water injected into the network). The analysis leads to the conclusion that even though it is loose (it can be washed away with water stream) the sediment constitutes a protective layer against lead leaching into water. The situation, however, may undergo a change in the case of more abrupt flows than during sampling, e.g. in a water hammer. 
Sediment laboratory tests
The next stage of research consisted of analysing sediment on the inside pipe wall in the aspect of structure and chemical composition. Figure 4 shows a thin layer of sediment loosely attached to the pipe material. The form and morphology of major mineral components and chemical composition analysis of the sediment was conducted with Quanta 200 FEG Scanning Electron Microscope (SEM). Microscope analysis of the sediment evidenced that it mainly consists of calcium carbonate (CaCO 3 ) and oxides and hydroxides of iron and manganese, together with the mineral form of sodium chloride -halite (NaCl). Apart from the aforementioned compounds, the sediment includes the mineral form of sodium chloride -halite (NaCl)
Summary and conclusions
Conducted research, aimed at determining selected mechanical properties of a PVC-U pipe and the impact of the material on water quality, permits the following conclusions:
 Nearly 40 years of service of a PVC-U pipe did not result in significant degradation of the pipe material strength, neither in static tensile strength test nor in longitudinal modulus of elasticity (Young's modulus), the values of which are within the range presented in literature with reference to new pipes.
 The unit elongation at break was considerably lower than that obtained in new pipe tests, which indicates increased brittleness of the material, still, within the limit of the producer's catalogue.
 Chemical structure testing performed with the aid of infrared spectrometry manifested changes in test material that indicate material degradation, although with no significant impact on material strength. It could, nevertheless, influence migration of lead, added to PVC as a thermal stabiliser, to water.
 Migration tests demonstrated a marked impact of pipe material on water quality, i.e. the highest recorded value of lead in water samples, was 162.2 ppb and significantly exceeded the allowable concentration of lead contained in Directive 98/83/EC of the European Union equal to 10 ppb. Leaching of this element from the pipe material into water indicates that lead compounds have been used as stabilisers in pipes.
 The concentration of chemical elements in potable water in a PVC-U pipe water distribution network did not show a sign of lead in water samples in the normal water system service. Extremely high zinc concentration (2076.55 ppb) in the test sample from the pumping station might indicate a poor condition of plumbing fitting or other elements at the pumping station. Analysis of sediment formed on the inside pipe wall allowed us to observe that the sediment was mainly composed of calcium carbonate, oxides and hydroxides of iron and manganese and sodium chloride. The elements detected in the analysed sediment are typical elements found in water conducted in the analysed water distribution system.
